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Heavy quarkonium photoproduction in ultrarelativistic heavy ion collisions
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Based on the factorization formalism of non-relativistic Quantum Chromodynamics (NRQCD),
we calculate the production cross section for the charmonium (J/ψ, ψ(2S), χcJ , ηc, and hc) and
the bottomonium (Υ(nS), χbJ , ηb, and hb) produced by the hard photoproduction processes and
fragmentation processes in relativistic heavy ion collisions. It is shown that the existing experi-
mental data on heavy quarkonium production at Large Hadron Collider (LHC) can be described
in the framework of the NRQCD formalism, and the phenomenological value of matrix element for
color-singlet and color-octet components give main contribution. The numerical results of photo-
production processes and fragmentation processes for the heavy quarkonium production become
prominent in p-p collisions and Pb-Pb collisions at Large Hadron Collider (LHC) energies.
I. INTRODUCTION
Hadronic processes for large transverse momentum
heavy quarkonium is a vital goal in ultrarelativistic
heavy ion collisions at Large Hadron Collider (LHC).
In the last years, the measurements reported by the
ALICE collaboration[1–5], CMS collaboration[6–9], AT-
LAS collaboration[10, 11], and LHCb collaboration[12–
14] at the Large Hadron Collider (LHC) have posed sig-
nificant challenges to our understanding of the heavy
quarkonium production. Furthermore, several theoret-
ical approaches have been proposed for the calcula-
tion of these states, as for instance, the color-singlet
mechanism[15, 16], the color-octet mechanism[17–22],
the color evaporation mechanism[23, 24], the color-
dipole mechanism[25–28], the mixed heavy-quark hybrids
mechanism[29], the recombination mechanism[30–32],
the photoproduction mechanism[33–49], the potential
non-relativistic Quantum Chromodynamics (pNRQCD)
approach[50–52], the transverse-momentum-dependent
factorization approach[53], the transport approach[54–
56], the kT -factorization approach[57–61], the fragmenta-
tion approach[62–74], and the non-relativistic Quantum
Chromodynamics (NRQCD) approach[75–95]. Among
them, the non-relativistic Quantum Chromodynamics
(NRQCD) approach is the most successful in phenomeno-
logical study. According to the non-relativistic Quantum
Chromodynamics (NRQCD) in addition to color-singlet
component one has to take into account contributions of
color-octet components with the nonperturbative long-
distance matrix elements. This formalism implies a sep-
aration of short-distance coefficients, which can be cal-
culated perturbatively as expansions in the running cou-
pling constant αs, from long-distance matrix elements,
which can be extracted from experiment. The long-
distance matrix elements are process-independent, and
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can be classified in terms of their scaling in v, the rel-
ative velocity of the heavy quarks in the bound state.
A crucial feature for this formalism is that it takes into
account the QQ¯ Fock space[77], which is spanned by the
states |n〉 = |2S+1L(c)J 〉 with definite spin S, orbital angu-
lar momentum L, total angular momentum J , and color
multiplicity c. In particular, this formalism predicts the
existence of color-octet processes by the nonperturbative
emission of soft gluons in nature.
Although considerable efforts both in experiment and
theory, the heavy quarkonium production mechanism is
still not fully understood. In the present work, we extend
the hard photoproduction mechanism[96–98] which plays
a fundamental role in the electron-proton deep inelastic
scattering at the Hadron Electron Ring Accelerator to
the heavy quarkonium production in p-p collisions and
Pb-Pb collisions at Large Hadron Collider (LHC) ener-
gies. At high energies, the nucleus (the charged partons)
can emit high-energy photons (and hadron-like photons)
in ultrarelativistic nucleus-nucleus collisions. The hard
photoproduction processes may be direct and resolved
that are sensitive to the gluon distribution in the nucleus.
In the hard direct photoproduction processes, the high-
energy photon emitted from the nucleus (the charged par-
ton of the incident nucleus) interacts with the parton of
another incident nucleus. In the hard resolved photopro-
duction processes, the uncertainty principle allows the
high-energy hadronlike photon emitted from the nucleus
(the charged parton of the incident nucleus) for a short
time to fluctuate into a quark-antiquark pair which then
interacts with the partons of another incident nucleus.
For the fragmentation processes, the jets can produced
by the hard photoproduction processes and the hard re-
solved photoproduction processes. Subsequently the jets
will fragment into heavy quarkonium.
The paper is organized as follows. In Sec.II we
present the photoproduction of heavy quarkonium at
Large Hadron Collider (LHC) energies. The production
rate for fragmentation processes is also discussed. The
numerical results for large-pT heavy quarkonium in p-p
collisions and Pb-Pb collisions at Large Hadron Collider
2(LHC) energies are plotted in Sec.III. Finally, the con-
clusion is given in Sec.IV.
II. PHOTOPRODUCTION PROCESSES FOR
LARGE-PT HEAVY QUARKONIUM
The non-relativistic Quantum Chromodynamics
(NRQCD) approach[99] which is introduced in 1995
has become the standard framework to study heavy-
quarkonium physics. In the non-relativistic Quantum
Chromodynamics (NRQCD), the Fock state structure of
heavy quarkonium state is[99, 100]
|2S+1LJ〉 = O(1)|2S+1L[1]J 〉
+O(v)|2S+1(L± 1)[8]J′ g〉
+O(v2)|2(S±1)+1(L± 1)[8]J′ g〉
+O(v2)|2S+1L[1,8]J gg〉
+ · · · · · · , (1)
where v is the relative velocity of the heavy quarks in
heavy quarkonium.
The wavefunctions of the charmonium (J/ψ, ψ(2s),
χcJ , ηc, and hc) can be written as
|J/ψ〉 = 〈OJ/ψ [3S[1]1 ]〉|QQ¯[3S[1]1 ]〉
+〈OJ/ψ [1S[8]0 ]〉|QQ¯[1S[8]0 ]g〉
+〈OJ/ψ [3S[8]1 ]〉|QQ¯[3S[8]1 ]gg〉
+
∑
J′
〈OJ/ψ[3P [8]J′ ]〉|QQ¯[3P [8]J′ ]g〉
+ · · · · · · , (2)
|ψ(2S)〉 = 〈Oψ(2S)[3S[1]1 ]〉|QQ¯[3S[1]1 ]〉
+〈Oψ(2S)[1S[8]0 ]〉|QQ¯[1S[8]0 ]g〉
+〈Oψ(2S)[3S[8]1 ]〉|QQ¯[3S[8]1 ]gg〉
+
∑
J′
〈Oψ(2S)[3P [8]J′ ]〉|QQ¯[3P [8]J′ ]g〉
+ · · · · · · , (3)
|χcJ〉 = 〈OχcJ [3P [1]J ]〉|QQ¯[3P [1]J ]〉
+〈OχcJ [1S[8]0 ]〉|QQ¯[1S[8]o ]g〉
+〈OχcJ [3S[8]1 ]〉|QQ¯[3S[8]1 ]g〉
+〈OχcJ [1P [8]1 ]〉|QQ¯[1P [8]1 ]g〉
+〈OχcJ [3P [8]J ]〉|QQ¯[3P [8]J ]gg〉
+〈OχcJ [3D[8]J ]〉|QQ¯[3D[8]J ]g〉
+ · · · · · · , (4)
|ηc〉 = 〈Oηc [1S[1]0 ]〉|QQ¯[1S[1]0 ]〉
+〈Oηc [1S[8]0 ]〉|QQ¯[1S[8]0 ]g〉
+〈Oηc [3S[8]1 ]〉|QQ¯[3S[8]1 ]g〉
+〈Oηc [1P [8]1 ]〉|QQ¯[1P [8]1 ]g〉
+ · · · · · · , (5)
|hc〉 = 〈Ohc [1P [1]1 ]〉|QQ¯[1P [1]1 ]g〉
+〈Ohc [1S[8]0 ]〉|QQ¯[1S[8]0 ]g〉
+ · · · · · · , (6)
where 〈OH [2S+1L[1,8]J ]〉 is the long-distance matrix ele-
ment for the charmonium[18, 19, 90–94, 101, 102], and
the long-distance matrix elements for the J/ψ meson are
given by
〈OJ/ψ[3S[1]1 ]〉 = 1.2GeV 3,
〈OJ/ψ[1S[8]0 ]〉 = (0.0180± 0.0087)GeV 3,
〈OJ/ψ[3S[8]1 ]〉 = (0.0013± 0.0013)GeV 3,
〈OJ/ψ[3P [8]0 ]〉 = (0.0180± 0.0087)m2c ·GeV 3,
〈OJ/ψ[3P [8]1 ]〉 = 3× (0.0180± 0.0087)m2c ·GeV 3,
〈OJ/ψ[3P [8]2 ]〉 = 5× (0.0180± 0.0087)m2c ·GeV 3, (7)
for ψ(2S) meson,
〈Oψ(2S)[3S[1]1 ]〉 = 0.76GeV 3,
〈Oψ(2S)[1S[8]0 ]〉 = (0.0080± 0.0067)GeV 3,
〈Oψ(2S)[3S[8]1 ]〉 = (0.00330± 0.00021)GeV 3,
〈Oψ(2S)[3P [8]0 ]〉 = (0.0080± 0.0067)m2c ·GeV 3,
〈Oψ(2S)[3P [8]1 ]〉 = 3× (0.0080± 0.0067)m2c ·GeV 3,
〈Oψ(2S)[3P [8]2 ]〉 = 5× (0.0080± 0.0067)m2c ·GeV 3, (8)
for χcJ meson,
〈Oχc0 [3P [1]0 ]〉 = 0.054m2c ·GeV 3,
〈Oχc0 [3S[8]1 ]〉 = (0.00187± 0.00025)GeV 3,
〈Oχc1 [3P [1]1 ]〉 = 3× 0.054m2c ·GeV 3,
〈Oχc1 [3S[8]1 ]〉 = 3× (0.00187± 0.00025)GeV 3,
〈Oχc2 [3P [1]1 ]〉 = 5× 0.054m2c ·GeV 3,
〈Oχc2 [3S[8]1 ]〉 = 5× (0.00187± 0.00025)GeV 3, (9)
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FIG. 1. The invariant cross section of large-pT J/ψ and ψ(2S) production for p-p collisions (
√
s = 7.0TeV and
√
s =
14.0TeV ) and Pb-Pb collisions (
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC. The dashed line (red line) for the ini-
tial parton hard scattering processes (LO+LO-fra.), the dotted line (blue line) for the semielastic photoproduction pro-
cesses (semi.(dir.+res.)+semi.(dir.+res.)-fra.), the dashed-dotted line (wine line) for the inelastic photoproduction processes
(inel.(dir.+res.)+inel.(dir.+res.)-fra.), and the solid line (black) is for the sum of the above processes. The J/ψ data points are
from the ALICE Collaboration[1], and the ψ(2S) data points are from the CMS Collaboration[8].
for ηc meson,
〈Oηc [1S[1]0 ]〉 =
1
3
× 1.2GeV 3,
〈Oηc [1S[8]0 ]〉 =
1
3
× (0.0013± 0.0013)GeV 3,
〈Oηc [3S[8]1 ]〉 = (0.0180± 0.0087)GeV 3,
〈Oηc [1P [8]1 ]〉 = 3× (0.0180± 0.0087)m2c ·GeV 3, (10)
and for hc meson,
〈Ohc [1P [1]1 ]〉 = 3× 0.54m2c ·GeV 3,
〈Ohc [1S[8]0 ]〉 = 3× (0.00187± 0.00025)GeV 3, (11)
here mc is the charm quark mass.
The wavefunctions of the bottomonium (Υ(ns), χbJ ,
ηb, and hb) can be written as
|Υ(nS)〉 = 〈OΥ(nS)[3S[1]1 ]〉|QQ¯[3S[1]1 ]〉
+〈OΥ(nS)[1S[8]0 ]〉|QQ¯[1S[8]0 ]g〉
+〈OΥ(nS)[3S[8]1 ]〉|QQ¯[3S[8]1 ]gg〉
+
∑
J′
〈OΥ(nS)[3P [8]J′ ]〉|QQ¯[3P [8]J′ ]g〉
+ · · · · · · , (12)
|χbJ 〉 = 〈OχbJ [3P [1]J ]〉|QQ¯[3P [1]J ]〉
+〈OχbJ [1S[8]0 ]〉|QQ¯[1S[8]o ]g〉
+〈OχbJ [3S[8]1 ]〉|QQ¯[3S[8]1 ]g〉
+〈OχbJ [1P [8]1 ]〉|QQ¯[1P [8]1 ]g〉
+〈OχbJ [3P [8]J ]〉|QQ¯[3P [8]J ]gg〉
+〈OχbJ [3D[8]J ]〉|QQ¯[3D[8]J ]g〉
+ · · · · · · , (13)
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FIG. 2. The same as Fig. 1 but for χcJ production in p-p collisions (
√
s = 7.0TeV and
√
s = 14.0TeV ) and Pb-Pb collisions
(
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC.
|ηb〉 = 〈Oηb [1S[1]0 ]〉|QQ¯[1S[1]0 ]〉
+〈Oηb [1S[8]0 ]〉|QQ¯[1S[8]0 ]g〉
+〈Oηb [3S[8]1 ]〉|QQ¯[3S[8]1 ]g〉
+〈Oηb [1P [8]1 ]〉|QQ¯[1P [8]1 ]g〉
+ · · · · · · , (14)
|hb〉 = 〈Ohb [1P [1]1 ]〉|QQ¯[1P [1]1 ]g〉
+〈Ohb [1S[8]0 ]〉|QQ¯[1S[8]0 ]g〉
+ · · · · · · , (15)
where 〈OH [2S+1L[1,8]J ]〉 is the long-distance matrix ele-
ment for the bottomonium[18, 19, 101–103], and the long-
distance matrix elements for the Υ(nS) meson are given
by
〈OΥ(1S)[3S[1]1 ]〉 = 10.9GeV 3,
〈OΥ(1S)[1S[8]0 ]〉 = (0.0121± 0.0400)GeV 3,
〈OΥ(1S)[3S[8]1 ]〉 = (0.0477± 0.0334)GeV 3,
〈OΥ(1S)[3P [8]0 ]〉 = 5× (0.0121± 0.0400)m2b ·GeV 3, (16)
〈OΥ(2S)[3S[1]1 ]〉 = 4.5GeV 3,
〈OΥ(2S)[1S[8]0 ]〉 = (−0.0067± 0.0084)GeV 3,
〈OΥ(2S)[3S[8]1 ]〉 = (0.0224± 0.0200)GeV 3,
〈OΥ(2S)[3P [8]0 ]〉 = 5× (−0.0067± 0.0084)m2b ·GeV 3, (17)
〈OΥ(3S)[3S[1]1 ]〉 = 4.3GeV 3,
〈OΥ(3S)[1S[8]0 ]〉 = (0.0002± 0.0062)GeV 3,
〈OΥ(3S)[3S[8]1 ]〉 = (0.0513± 0.0085)GeV 3,
〈OΥ(3S)[3P [8]0 ]〉 = 5× (0.0002± 0.0062)m2b ·GeV 3, (18)
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FIG. 3. The same as Fig. 1 but for ηc and hc production in p-p collisions (
√
s = 7.0TeV and
√
s = 14.0TeV ) and Pb-Pb
collisions (
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC.
for χbJ meson,
〈Oχb0(1P )[3P [1]0 ]〉 = 0.1m2b ·GeV 3,
〈Oχb0(1P )[3S[8]1 ]〉 = 0.1008GeV 3,
〈Oχb0(2P )[3P [1]0 ]〉 = 0.036m2b ·GeV 3,
〈Oχb0(2P )[3S[8]1 ]〉 = 0.0324GeV 3,
〈Oχb1(1P )[3P [1]1 ]〉 = 6.1GeV 5,
〈Oχb1(1P )[3S[8]1 ]〉 = 0.43GeV 3,
〈Oχb1(2P )[3P [1]1 ]〉 = 7.1m2bGeV 3,
〈Oχb1(2P )[3S[8]1 ]〉 = 0.52GeV 3,
〈Oχb1(3P )[3P [1]1 ]〉 = 7.7m2bGeV 3, (19)
for ηb meson,
〈Oηb(nS)[1S[1]0 ]〉 =
1
3
× 〈OΥ(nS)[3S[1]1 ]〉,
〈Oηb(nS)[1S[8]0 ]〉 =
1
3
× 〈OΥ(nS)[3S[8]1 ]〉,
〈Oηb(nS)[3S[8]1 ]〉 = 〈OΥ(nS)[1S[8]0 ]〉,
〈Oηb(nS)[1P [8]1 ]〉 = 3× 〈OΥ(nS)[3P [8]0 ]〉, (20)
and for hb meson,
〈Ohb(nP )[1P [1]1 ]〉 = 3× 〈Oχb0(nP )[3P [1]0 ]〉,
〈Ohb(nP )[1S[8]0 ]〉 = 3× 〈Oχb0(nP )[3S[8]1 ]〉, (21)
here mb is the bottom quark mass.
In the non-relativistic Quantum Chromodynamics
(NRQCD) factorization approach, the hadroproduction
cross section for the heavy quarkonium produced by the
initial parton hard scattering processes (LO) can be ex-
pressed as
dσLOAB→HX
dp2T dy
=
∑
n
dσLO
AB→QQ¯[1,8](n)+X
dp2Tdy
〈OH[1,8][n]〉
=
∑
n
∫
dxafA(xa, Q
2)fB(xb, Q
2)
xaxb
xa − x1
×dσˆ
dtˆ
(a+ b→ QQ¯[1,8][n] +X)〈OH[1,8][n]〉, (22)
where xa and xb = (xax2 − τ)/(xa − x1) are the mo-
mentum fractions of the partons. The variables are
x1 =
1
2 (x
2
T + 4τ)
1/2 exp(y), x2 =
1
2 (x
2
T + 4τ)
1/2 exp(−y),
xT = 2pT /
√
s, τ = M2/s, and M is the mass of the
heavy quarkonium.
The parton distribution function fA(x,Q
2) of the nu-
cleon is given by[104–107]
fA(x,Q
2) = RA(x,Q
2)[
Z
A
p(x,Q2) +
N
A
n(x,Q2)],(23)
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FIG. 4. The invariant cross section of large-pT Υ(nS) production for p-p collisions (
√
s = 7.0TeV and
√
s = 14.0TeV ) and
Pb-Pb collisions (
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC. The dashed line (red line) for the initial parton hard scattering
processes, the dotted line (blue line) for the semielastic photoproduction processes, the dashed-dotted line (wine line) for the
inelastic photoproduction processes. The branching fractions are Br(Υ(1S) → µ+µ−) = 2.48%, Br(Υ(2S) → µ+µ−) = 1.93%,
and Br(Υ(3S) → µ+µ−) = 2.18%. The Υ(nS) data points are from the CMS Collaboration[9].
where RA(x,Q
2) is the nuclear modification factor[108],
Z is the proton number, N is the neutron number, and
A is the nucleon number; p(x,Q2) and n(x,Q2) are the
parton distribution functions of protons and neutrons,
respectively.
The differential cross section of the initiated partonic
subprocesses was calculated in Ref.[77] and can be writ-
ten as
dσˆ
dtˆ
(a+ b→ H +X)
=
dσˆ
dtˆ
(a+ b→ QQ¯[1,8][n] +X)〈OH[1,8][n]〉
=
1
16pisˆ2
∣∣∣M [2S+1L[1,8]J ]
∣∣∣2 〈0|OH [2S+1L
[1,8]
J ]|0〉
mQ(2J + 1)
, (24)
where mQ is the mass of the heavy flavor quark.
The fragmentation cross section for the heavy quarko-
nium produced by the initial parton hard scattering pro-
cesses (LO-fra.) can be expressed as
dσLO−fra.AB→HX
dp2Tdy
=
∑
n
dσLO−fra.
AB→QQ¯[1,8](n)+X
dp2Tdy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbfA(xa, Q
2)fB(xb, Q
2)
xaxb
zc(xaxb − τ)
×dσˆ
dtˆ
(ab→ cd)Dc→QQ¯[1,8][n]
(
zc, Q
2
) 〈OH[1,8][n]〉, (25)
where zc is the momentum fraction of the final heavy
quarkonium, dσˆ
dtˆ
(ab→ cd) is the differential cross section
for the subprocess[109], and the fragmentation function
Dc→QQ¯[1,8][n](zc, Q
2) was calculated in Ref.[66–70].
The large-pT heavy quarkonium produced by semielas-
tic photoproduction processes can be divided into
the semielastic direct photoproduction processes and
semielastic resolved photoproduction processes in ultra-
relativistic heavy ion collisions.
In the semielastic direct photoproduction processes, in-
cident nucleus can emit a photon, then the high-energy
photon interacts with parton of another incident nucleus
by the interaction of quark-photon Compton scattering
and gluon-photon fusion. The differential cross section
of heavy quarkonium produced by the semielastic direct
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FIG. 5. The same as Fig. 4 but for χb0 production in p-p collisions (
√
s = 7.0TeV and
√
s = 14.0TeV ) and Pb-Pb collisions
(
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC.
photoproduction processes (semi.dir. and semi.dir.-fra.)
can be written as
dσsemi.dir.AB→HX
dp2Tdy
=
∑
n
dσsemi.dir.
AB→QQ¯[1,8](n)+X
dp2Tdy
〈OH[1,8][n]〉
=
∑
n
∫
dxafγ/N(xa)fB(xb, Q
2)
xaxb
xa − x1
×dσˆ
dtˆ
(γ + b→ QQ¯[1,8][n] +X)〈OH[1,8][n]〉, (26)
dσsemi.dir.−fra.AB→HX
dp2Tdy
=
∑
n
dσsemi.dir.−fra.
AB→QQ¯[1,8](n)+X
dp2T dy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbfγ/N (xa)fB(xb, Q
2)
xaxb
zc(xaxb − τ)
×dσˆ
dtˆ
(γb→ cd)Dc→QQ¯[1,8][n]
(
zc, Q
2
) 〈OH[1,8][n]〉, (27)
Here the differential cross section of the subprocesses was
calculated in Ref.[77].
The equivalent photon spectrum for nucleus can be ob-
tained from the semiclassical description of high-energy
electromagnetic collisions. A relativistic nucleus with Z
times the electric charge moving with a relativistic factor
γ ≫ 1 with respect to some observers develop an equally
strong magnetic field component so it resembles a beam
of real photons, where the number of photons can be
expressed as[110, 111]
fγ/N(ω) =
2Z2α
piω
ln
( γ
ωR
)
, (28)
where is the photon momentum, and R = bmin is the
radius of the nucleus (bmin is the cutoff of impact pa-
rameter). In the logarithmic approximation, the results
obtained from the purely classical treatment or by in-
cluding the form factor are related to each other through
the rescaling of the relativistic factor.
For p-p collisions, the equivalent photon spectrum
function for the proton can be obtained from the
Weizsa¨cker-Williams approximation[112–114],
fγ/p(x) =
α
2pi
1 + (1− x)2
x
×
[
lnAp − 11
6
+
3
Ap
− 3
2A2p
+
1
3A3p
]
, (29)
where x is the momentum fraction of the photon, Ap =
1 + 0.71GeV 2/Q2min with
Q2min = −2m2p +
1
2s
{
(s+m2p)(s− xs+m2p)
−(s−m2p)
√
(s− xs+m2p)2 − 4m2pxs
}
, (30)
here mp is the the mass of the proton, and at high en-
ergies Q2min is given to a very good approximation by
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FIG. 6. The same as Fig. 4 but for χb1 production in p-p collisions (
√
s = 7.0TeV and
√
s = 14.0TeV ) and Pb-Pb collisions
(
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC.
m2px
2/(1−x). Propagated uncertainties to the final cross
sections are on the order of 10% for p-p collisions and 20%
for Pb-Pb collisions since covering different form-factor
parametrizations and the convolution of the nuclear pho-
ton fluxes[115].
In the semielastic resolved photoproduction processes,
the parton from the hadron-like photon emitted by inci-
dent nucleus can interact with the parton of another inci-
dent nucleus via the interactions of quark-antiquark an-
nihilation, quark-gluon Compton scattering, and gluon-
gluon fusion. The invariant cross section for large-pT
heavy quarkonium produced by the semielastic resolved
photoproduction processes (semi.res. and semi.res.-fra.)
in the hadronic collisions can be written as
dσsemi.res.AB→HX
dp2Tdy
=
∑
n
dσsemi.res.
AB→QQ¯[1,8](n)+X
dp2Tdy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbfγ/N (xa)fγ(za, Q
2)fB(xb, Q
2)
× xaxbza
xaxb − xax2
dσˆ
dtˆ
(a′b→ QQ¯[1,8][n] +X)〈OH[1,8][n]〉, (31)
dσsemi.res.−fra.AB→HX
dp2Tdy
=
∑
n
dσsemi.res.−fra.
AB→QQ¯[1,8](n)+X
dp2Tdy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbdzafγ/N (xa)fγ(za, Q
2)fB(xb, Q
2)
× xaxbza
zc(xaxbza−τ)
dσˆ
dtˆ
(a′b→cd)Dc→QQ¯[1,8][n]
(
zc, Q
2
)〈OH[1,8][n]〉,
(32)
where fγ(za, Q
2) is the parton distribution function of
the hadron-like photon[116], the differential cross section
of the subprocesses was calculated in Ref.[77].
The large-pT heavy quarkonium produced by inelas-
tic photoproduction processes can be divided into the
inelastic direct photoproduction processes and inelastic
resolved photoproduction processes in ultrarelativistic
heavy ion collisions.
In the inelastic direct photoproduction processes, the
charged parton of the incident nucleus can emit a photon,
then the high energy photon interacts with parton of an-
other incident nucleus by the interaction of quark-photon
Compton scattering and gluon-photon fusion. The differ-
ential cross section of heavy quarkonium produced by the
inelastic direct photoproduction processes (inel.dir. and
inel.dir.-fra.) in the hadronic collisions can be expressed
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FIG. 7. The same as Fig. 4 but for ηb production in p-p collisions (
√
s = 7.0TeV and
√
s = 14.0TeV ) and Pb-Pb collisions
(
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC.
as
dσinel.dir.AB→HX
dp2Tdy
=
∑
n
dσinel.dir.
AB→QQ¯[1,8](n)+X
dp2T dy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbfA(xa, Q
2)fγ/q(za)fB(xb, Q
2)
× xaxbza
xaxb − xax2
dσˆ
dtˆ
(γb→ QQ¯[1,8][n] +X)〈OH[1,8][n]〉, (33)
dσinel.dir.−fra.AB→HX
dp2Tdy
=
∑
n
dσinel.dir.−fra.
AB→QQ¯[1,8](n)+X
dp2Tdy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbdzafA(xa, Q
2)fγ/q(za)fB(xb, Q
2)
× xaxbza
zc(xaxbza−τ)
dσˆ
dtˆ
(γb→cd)Dc→QQ¯[1,8][n]
(
zc, Q
2
)〈OH[1,8][n]〉,
(34)
here the equivalent photon spectrum function of the
charged parton is given by[117, 118]
fγ/q(x) =
α
2pi
e2f
{
1 + (1 − x)2
x
[
ln
(
E
m
)
− 1
2
]
+
x
2
[
ln
(
2
x
−2
)
+1
]
+
(2−x)2
2x
ln
(
2−2x
2−x
)}
,
(35)
where x is the the photon momentum fraction. The vari-
ables ef , E, and m are the charge, energy, and mass of
the parton, respectively.
In the inelastic resolved photoproduction processes,
the parton from the hadron-like photon emitted by the
charged parton of incident nucleus can interact with the
parton of another incident nucleus via the interactions
of quark-antiquark annihilation, quark-gluon Compton
scattering, and gluon-gluon fusion. The invariant cross
section for large-pT heavy quarkonium produced by the
inelastic resolved photoproduction processes (inel.res.
and inel.res.-fra.) in the hadronic collisions can be writ-
ten as
dσinel.res.AB→HX
dp2Tdy
=
∑
n
dσinel.dir.
AB→QQ¯[1,8](n)+X
dp2T dy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbdzafA(xa,Q
2)fγ/q(za)fγ(z
′
a,Q
2)fB(xb,Q
2)
× xaxbzaz
′
a
xaxbza−xazax2
dσˆ
dtˆ
(a′b→QQ¯[1,8][n]+X)〈OH[1,8][n]〉, (36)
10
0 10 20
10-5
10-4
10-3
10-2
10-1
hb(1p) at LHC
p-p 7TeV
 
 
 
d
/d
p T
dy
 (
b/
G
eV
)
(a)
0 10 20
10-4
10-3
10-2
10-1
(b)
hb(1p) at LHC
p-p 14TeV
 
 
 
 
0 10 20
10-5
10-4
10-3
10-2
10-1
(c)
hb(1p) at LHC
Pb-Pb 2.76ATeV
 
 
 
 
0 10 20
10-5
10-4
10-3
10-2
(d)
hb(1p) at LHC
Pb-Pb 5.5ATeV
 
 
 
 
0 10 20
10-5
10-4
10-3
10-2
(e)
hb(2p) at LHC
p-p 7TeV
 
 
d
/d
p T
dy
 (
b/
G
eV
)
p (GeV/c)
0 10 20
10-5
10-4
10-3
10-2
(f)
hb(2p) at LHC
p-p 14TeV
  
 
p (GeV/c)
0 10 20
10-6
10-5
10-4
10-3
10-2
(g)
hb(2p) at LHC
Pb-Pb 2.76ATeV
 
 
 
p (GeV/c)
0 10 20
10-6
10-5
10-4
10-3
10-2
(h)
hb(2p) at LHC
Pb-Pb 5.5ATeV
 
 
 
p (GeV/c)
FIG. 8. The same as Fig. 4 but for hb production in p-p collisions (
√
s = 7.0TeV and
√
s = 14.0TeV ) and Pb-Pb collisions
(
√
s = 2.76TeV and
√
s = 5.5TeV ) at LHC.
dσinel.res.−fra.AB→HX
dp2Tdy
=
∑
n
dσinel.res.−fra.
AB→QQ¯[1,8](n)+X
dp2Tdy
〈OH[1,8][n]〉
=
∑
n
∫
dxadxbdzadz
′
afA(xa,Q
2)fγ/q(za)fγ(z
′
a,Q
2)fB(xb,Q
2)
× xaxbzaz
′
a
zc(xaxbzaz′a−τ)
dσˆ
dtˆ
(a′b→cd)Dc→QQ¯[1,8][n]
(
zc,Q
2
)〈OH[1,8][n]〉,
(37)
where z′a is the momentum fraction of the parton from
the hadron-like photon.
III. NUMERICAL RESULTS
In ultrarelativistic heavy ion collisions, the equivalent
photon spectrum for the nucleus obtained from semi-
classical description of high energies electromagnetic col-
lisions is fγ/N ∝ Z2 ln γ, the relativistic factor γ =
E/mN =
√
s/2mN ≫ 1 becomes very large at Large
Hadron Collider energies. Indeed, the equivalent pho-
ton spectrum function for the proton obtained from
Weizsa¨cker-Williams approximation is fγ/p ∝ lnA ∝
ln(s/m2p), where mp is the proton mass. Since the col-
lision energy
√
s at Large Hadron Collider is very large,
the photon spectrum becomes important. Therefore the
contribution of semielastic photoproduction processes is
evident at Large Hadron Collider energies. For the in-
elastic photoproduction processes, the equivalent pho-
ton spectrum function of the charged parton is fγ/q ∝
ln(E/mq) = ln(
√
s/2mq)+ln(x), wheremq is the charged
parton mass. Hence the photon spectrum for the charged
parton becomes prominent at Large Hadron Collider en-
ergies. Therefore the contribution of photoproduction
processes is evident at LHC. Moreover, we also calcu-
late the fragmentation contribution of heavy quarko-
nium. For inclusive heavy quarkonium production, there
is a large contribution from the g → H fragmentation,
where H is the heavy quarkonium. At large transverse
momentum, this is comparable to the direct production
processes over almost the whole range of transverse mo-
mentum values considered. The numerical results of our
calculation for large-pT heavy quarkonium produced by
the hard photoproduction processes in relativistic heavy
ion collisions are plotted in Figs. 1-8.
In Figs. 1-3, we plot the contribution of the charmo-
nium (J/ψ, ψ(2s), χcJ , ηc, and hc) produced by the
semielastic and inelastic hard photoproduction (and frag-
mentation) processes for p-p collisions (
√
s = 7TeV and√
s = 14TeV ) and Pb-Pb collisions (
√
s = 2.76TeV
and
√
s = 5.5TeV ) in relativistic heavy ion collisions.
The charmonium spectra of semielastic and inelastic pho-
toproduction (and fragmentation) processes (the dotted
11
line and dashed-dotted line) are compared with the char-
monium spectra of the initial parton hard scattering pro-
cesses (the dashed line) for p-p collisions and Pb-Pb col-
lisions at the LHC, respectively. In panel (a) and (e)
of Figs. 1, we compare with the ALICE Collaboration
J/ψ meson data[1] and the CMS Collaboration ψ(2S)
meson data[8] in p-p collisions with
√
s = 7TeV . We
find that the contribution of J/ψ and ψ(2S) meson pro-
duced by hard photoproduction and fragmentation pro-
cesses cannot be negligible for large-pT in p-p collisions
with
√
s = 7TeV at LHC [Figs. 1(a) and (e)]. We also
plot the spectra of bottomonium (Υ(ns), χbJ , ηb, and
hb) produced by the hard photoproduction and frag-
mentation processes for p-p collisions (
√
s = 7TeV and√
s = 14TeV ) and Pb-Pb collisions (
√
s = 2.76TeV and√
s = 5.5TeV ) in Figs. 4-8. Compared with the pro-
duction cross section of the initial parton hard scatter-
ing processes (the dashed line), the contribution of the
bottomonium produced by semielastic and inelastic hard
photoproduction processes (the dotted line and dashed-
dotted line) is prominent at LHC energies. Furthermore,
we compare with the CMS Collaboration Υ(nS) meson
data[9] for p-p collisions with
√
s = 7TeV in panel (a),
(e), and (i) of Figs. 4. We find that the contribution
of Υ(nS) meson produced by photoproduction processes
and fragmentation becomes is evident for p-p collisions
with
√
s = 7TeV at LHC[Figs. 4(a), (e), and (i)].
IV. CONCLUSION
In the framework of the non-relativistic Quantum
Chromodynamics (NRQCD) formalism, we have inves-
tigated the production of heavy quarkonium by the
semielastic hard photoproduction processes, inelastic
hard photoproduction processes and fragmentation pro-
cesses in p-p collisions and Pb-Pb collisions in ultrarel-
ativistic heavy ion collisions. At the early stage of rel-
ativistic heavy ion collisions, the incident nucleus (the
charged parton of the incident nucleus) can emit large-
pT photons then the high energy photons interact with
the partons of another incident nucleon by the quark-
photon Compton scattering and photon-gluon fusion in-
teractions. Furthermore, the partons of the hadron-like
photons can interact with the partons of the nucleus by
the quarkantiquark annihilation and quark-gluon Comp-
ton scattering interactions. Indeed, we also calculate the
fragmentation contribution of heavy quarkonium. For in-
clusive heavy quarkonium production, the contribution of
g → H fragmentation processes is comparable to the di-
rect production processes over almost the whole range of
transverse momentum values considered. The numerical
results indicate that the contribution of heavy quarko-
nium produced by the hard photoproduction processes
and fragmentation processes becomes evident in p-p col-
lisions (
√
s = 7TeV and
√
s = 14.0TeV ) and Pb-Pb
collisions (
√
s = 2.76TeV and
√
s = 5.5TeV ) at Large
Hadron Collider (LHC) energies.
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